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INTRODUCTION j 

Shock tunnels afford a means of generating hypersonic flow at high stagnation enthalpies, but 
they have the disadvantage that thermochemical effects make the composition of the test flow 
different to that of ambient air. The composition can be predicted by numerical calculations of 
the nozzle flow expansion, using simplified thermochemical models and, in the absence of 
experimental measurements, it has been necessary to accept the results given by these calculations. 


This note reports measurements of test gas composition, at stagnation enthalpies up to 
12.5 MJ.kg 1 , taken with a time-of-flight mass spectrometer. Limited results have been obtained 
in previous measurements 0 ’. These were taken at higher stagnation enthalpies, and used a 
quadruple mass spectrometer. The time-of-flight method was preferred here because it enabled 
a number of complete mass spectra to be obtained in each test, and because it gives good mass 
resolution over the range of interest with air (up to 50 a.m.a.) 

EXPERIMENTS 

The experiments were conducted in the free piston shock tunnel T4 at the University of 
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Queensland* 2 *, using a helium-argon mixture as driver gas. The shock tube, of 10 m length and 
75 mm diameter, was operated in the shock reflected mode, and supplied shock heated air to a 
contoured hypersonic nozzle with a throat diameter of 25.4 mm, and an exit diameter of 261 mm. 
As shown in fig 1(a), the mass spectrometer sampled the flow from a point on the nozzle 
centreline, well within the test cone of the nozzle flow field. 

The stagnation enthalpy was calculated for equilibrium air from the shock speed and initial shock 
tube filling pressure, with an isentropic expansion to the measured nozzle reservoir pressure of 
14.0±2.5 MPa. The estimated accuracy of the stagnation enthalpy was from +4% to -8%. To 
avoid problems with driver gas contamination of the test flow, the test time was confined to a 
period from 0.5 to 1.0 milliseconds after initiation of flow in the test section, and the stagnation 
enthalpy was limited to 12.5 MJ.kg' 1 . 

The mass spectrometer is described in ref.3. Essentially, it sampled the flow through a series of 
three conical skimmers to form a molecular beam. This was bombarded by a 250 e.V. electron 
beam for 200 nanoseconds every 55 microseconds, and each time a pulse of ions was produced 
which passed into the 1 m long drift tube, and hence to an electron multiplier detector at the end 
of the tube. Since the time of arrival of the ions depended on their mass, a mass spectrum of the 
type shown in figs 1(b) and 1(c) was obtained every 55 microseconds, and was recorded by a 50 
MHz digital oscilloscope. 

Peaks of N 2 , 0 2 , N and 0 are evident in the spectrum of fig 1(b), as well as some residual H 2 0. 
The area under each peak is proportional to the number of particles of that particular mass to 
reach the detector. There is clearly a problem with overlap of the peaks of N 2 , NO and 0 2 , and 
this particularly effects measurement of the NO peaks. Therefore some tests were made in which 
fewer spectra were taken, but the sampling rate of the oscilloscope was increased. The resolution 
was therefore improved, as shown in fig 1(c), and these spectra were used for measurements of 
the NO peak. 
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RESULTS AND DISCUSSION 

The ratio of the measurements of peak sizes is presented in fig. 2 for Oj/Nj, N0/N 2 and 0/0 2 . Each 
of the points plotted is the mean of a number of readings during a test, and therefore may be 
regarded as the mean of a statistical sample. The error bars indicate the standard deviation of that 
mean. 

The measurements are compared with theoretical curves for the relative peak sizes. These were 
obtained by first performing numerical calculations* 4 1 of the inviscid nonequilibrium steady 
expansion through the shock tunnel nozzle to yield the freestream species concentrations. These 
were then used to obtain values for the relative size of the mass spectra peaks. The effect of mass 
separation in the molecular beam was assessed by testing in the shock tunnel with known 
mixtures of nitrogen and helium, and nitrogen and argon. This indicated that the relative 
enhancement of the molecular species considered was less than 10%. The relative number of ions 
produced was determined from the ionization cross-sections given in table 1, and the relative 
efficiency with which ions were collected was taken as unity. This was checked by operating the 
instrument "ex tunnel" (ie. outside the shock tunnel), with the first of the three skimmers replaced 
by a solenoid valve, which delivered a short pulse of room air to the mass spectrometer. The 
measured ratio of the 0 2 peak area to N 2 peak area was 0.30 ± 0.02 which, allowing for the 
uncertainty in ionization cross sections, compared satisfactorily with the expected value of 0.25. 


Table 1. Electron Impact Ionization Cross-Sections at 250 e.V. 


Process 

Cross-Section (cm 2 ) 

Error (%) 

Reference 

0 2 + e — > 0 2 + + 2e 

1.57 x 10 16 

13 

5 

0 + e — > 0 + + 2e 

1.08 x 10 16 

5 

6 

N 2 + e N 2 + + 2e 

1.68 x 10 16 

8 

7 

NO + e -> N0 + + 2e 

1.89 x 10 16 

20 

8 
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To calculate theoretical values for the peaks of atomic oxygen, the combined effect of mass 
separation and ion collection efficiency was obtained from the helium/nitrogen and nitrogen/argon 
results by assuming that these effects varied linearly with the mass ratio of the two species, 
yielding a factor of 2.0±0.4 for enhancement of 0 with respect to 0 2 . This was applied to the 
predicted numerical values for relative concentrations of 0 and 0 2 and, taking account of the 
ionization cross-sections, the theoretical curve in fig. 2(c) was obtained. Because of uncertainties 
in mass separation and ion collection efficiencies, as well as in ionization cross-sections, a 
possible error attaches to all the theoretical curves. The limits of this are indicated by the broken 
lines on either side of each curve. 

It will be noted that the effect of dissociative ionization of the 0 2 molecule in the mass 
spectrometer, with production of ionized 0 atoms, has not been taken into account in obtaining 
the theoretical curve of fig. 2(c). This is because the experimental results in the tunnel show the 
ratio of peak sizes increasing with enthalpy from a value near zero, and this is not consistent with 
the presence of a substantial number of 0 ions due to dissociative ionization. On the other hand, 
it must be observed that results of the "ex tunnel" tests shown in fig. 2(c) demonstrate that 
substantial dissociative ionization does indeed take place in air which is supplied from a room 
temperature source. It may be speculated that this difference is due to thermal excitation of the 
0 2 molecules in the tunnel flow, leading to an increased velocity spread and consequent lowered 
collection efficiency of the 0 ions resulting from dissociative ionization. However, until this 
apparent anomaly is resolved, some doubt must attach to the experimental results of fig. 2(c). 
Therefore, not withstanding the remark made below concerning their validity, their worth is 
mainly in indicating the stagnation enthalpy at which the rise in 0 atom concentration due to free 
stream dissociation takes place. 

The overall ratio of the number of atoms of oxygen in any form to nitrogen in any form can be 
obtained from the results in fig. 2. If the "ex tunnel" result in fig. 2(a) is used to generate a 
calibration factor for the 0 j/N 2 ratio, values of 0.33±0.04, 0.27±0.03 and 0.30±0.04 are obtained 
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for the overall ratio at stagnation enthalpies of 8.3 MJ kg' 1 , 10 MJ kg' 1 and 12.5 MJ kg' 1 
respectively. The expected value is 0.27±0.05, the quoted error limits resulting from residual 
uncertainties in the ionization cross-sections, together with the mass separation and ion collection 
efficiencies, after the calibration for the 0 2 /N 2 ratio has been taken into account. Thus, the values 
for the overall oxygen/nitrogen ratio fall within the quoted limits of error, and provide 
confirmation of the experimental measurements. 

It is worth remarking that, at 12.5 MJ.kg' 1 , the measured 0/0 2 value in fig. 2(c) contributes a 
substantial 0.08 of the total oxygen/nitrogen ratio of 0.30, thereby providing an indirect 
confirmation of the 0/0 2 measurement. 

It can be seen that the experimental measurements in fig. 2 generally fall outside the theoretical 
limits indicated by the broken lines. In fig. 2(a) the proportion of molecular oxygen exceeds 
theoretical limits as the stagnation enthalpy is increased. This is consistent with the results in fig. 
2(c), which shows the proportion of atomic oxygen remaining at low levels for much higher 
enthalpies than predicted. The proportion of nitric oxide is shown in fig. 2(b), and is seen to be 
in excess of predicted values, at least for the range of stagnation enthalpies covered by the results. 
The numerical model <4) on which the theoretical curves are based gives free stream compositions 
which are consistent with those given by other numerical models (9) . Therefore, even when 
allowance is made for the experimental uncertainties } there are clear discrepancies between the 
theory of non-equilibrium nozzle flow and the results of these experiments, indicating a need for 
further experimental and theoretical work. Until these discrepancies are resolved predictions of 
the composition of test section flows in high enthalpy facilities should be treated with caution. 
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